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In this work, Fe-Si02 and Co-Si02 nano-composite thin films were prepared by 
ion implantation using a metal vapor vacuum arc (MEVVA) ion source. Various 
doses of Fe and Co were implanted into lOOnm-thick Si02 films at an extraction 
voltage of 30kV. The extraction voltage was chosen after TRIM simulation so that 
the implanted ions could penetrate the Si02 films to the Si substrate. Rapid thermal 
annealing (RTA) was performed at different temperatures. The samples were 
characterized by atomic force microscopy (AFM)，conducting atomic force 
microscopy (C-AFM), Rutherford backscattering spectrometry (RBS). And field 
emission measurement which was carried out in the high vacuum with base pressure 
better than 2x10"^ Torr. 
An ultra low turn-on field which was 0.17 V/fam and extremely large field 
enhancement was recorded in one of the annealed samples. The TEM micrographs of 
the Fe-Si02 samples showed that there were nano-size Fe clusters embedded inside 
the Si02 layer under the sample surface and a tranisition layer between the 
nano-composite thin film and the Si substrate. The micrographs also showed a 
surface morphology which was consistent with the AFM images. Furthermore, the Fe 
atoms moved towards to the surface of the samples and the transistion layer was 
widened as the annealing temperature increased. 
Moreover, some unrepeatable step-like and jump-like features in J-E plots were 
found in both Fe and Co as-implanted as well as the annealed samples. On the other 
hand, the field emission projection intensity was photographically observed. It was 
found that the emission sites were highly localized and incoherent over the sample 
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surface. These implied that the field emission properties were modified during the 
field emission measurement. Two models were proposed, namely, the 
local-self-annealing and the formation of new conducting paths due to joule heating 
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釅 Chapter 1 Introduction 
1.1 Introduction to Electron Field Emission 
Electron field emission is a phenomenon of liberation of free electrons from a 
material surface under the presence of an electric field. These materials are usually 
metals which are rich of free electrons. 
There are many kinds of electron emission mechanisms including thermionic 
emission, secondary emission, photoelectric emission and field emission which is 
also known as Fowler-Nordheim emission and all of them required an external 
energy source supplying energy for the liberation of free electrons. Among all the 
above mechanisms, only field emission could emit electrons without overcoming the 
material work function which is an energy barrier binding the electrons to the 
material surface. 
Emission mechanism External energy source 
Thermionic emission Heat (Thermal energy) 
Secondary emission Electron/Ionic bombardment 
Photoelectric emission Photons Absorption (Photoelectric Effect) 
Field emission Electric field 
Table 1.1 Different electron emission mechanisms 
The earliest electron emission device was the cathode ray tube (CRT) and these 
cathode rays were produced in vacuum glass tubes. In 1897, J. J. Thomson proposed 
these rays were composed of tiny particles which were negatively charged and those 
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particles were the fundamental parts inside in the atoms. The discovery of electrons 
made him be the Nobel Prize winner in 1906. The working principle of TV is similar 
to that of CRT. 
Since CRT displays are so bulky and heavy, people would like to replace the CRT 
by other technologies in order to overcome the shortness in size and weight in 
traditional CRT displays. Therefore, in recent years, new display technologies such 
as liquid crystal displays (LCD), plasma displays as well as field emission displays 
(FED) have been invented. Both FED and CRT produce light by the bombardment of 
electrons onto the screen which is coated with phosphor for colourful display but 
instead of a single electron gun with scanning plates, the FED make use of an array 
structure and each colour pixel has its own field emitters. The array structure greatly 
reduces the size of FED compared with the traditional CRT as well as the FED has 
fewer dead pixels compared with LCD since the pixel works well even if 20% of the 
few emitters of that pixel fail. 
Another application of field emission is the fabrication of high speed and high 
frequency vacuum microelectronic devices [1]. Because of the lattice scattering in 
solid, the maximum velocity of electrons is limited to � lOSms]. This is far behind the 
speed of light which is equal to 3xl0^ms'^ The limitation of the speed of electrons 
hinders the operation speed of an electronic device. On the contrary, the electrons 
emitted by electron field emission would travel through vacuum without lattice 
scattering. Therefore, the velocity of the emitted electrons could approach to speed of 
light. This raise the operation speed of the device and high frequency application 
would be possible. Electron field emission materials would be a potential candidate 
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as hot cathode and cold cathode, could apply to the vacuum devices but the 
versatility of cold cathode is better than that of hot cathode for two reasons. First, hot 
cathode is usually larger compared with cold cathode due to the presence of hot 
filament. Second, much energy is lost in the form of heat in hot cathode while cold 
cathode could operate at room temperature. Hence, cold cathode technology could 
boot the power efficiency and cut the size of the devices. 
Because of the above applications, researchers made a lot of efforts in searching 
for new cold cathode materials which possessed better field emission properties such 
as lower turn on voltage and larger field enhancement factor. Apart from the emission 
performance, researchers were also looking for new substances which could be 
susceptible for intensive electron emission such that the life of the emission devices 
could be lengthened. Diamond and diamond film [3-4]，amorphous carbon layers 
[5-11], nanotubes [12-13], silicon carbide layers [14-18] and nano-composite 
dielectric films [19-20] are all possible candidates for the next generation of FEDs 
and high speed microelectronic devices. Intensive works are made on FEDs in order 
to fulfill the potential market of flat panel displays. In 1999，the estimated value of 
the global market for flat panel displays was $18.5 billions U.S. dollars [21] and it is 
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1.2 Theory of Electron Field Emission 
Electron field emission is a phenomenon of quantum mechanics. It is the 
emission of electrons from a material surface due to the presence of an intensive 
electric field. The emitted electrons obtain energy from the external applied electric 
field and tunnel through the potential barrier near the material surface and reach the 
anode. 
The early research on electron field emission was done by Fowler and Nordheim 
in 1928 [22]. They derived an equation known as Fowler Nordheim Equation which 
successfully connected the field emission current density and the applied electric 
field strength for planar field emission of metals. This model is named as Fowler 




Chapter 1 Introduction :::風 
1.3 Fowler Nordheim Model for Electron Field Emission in Metals 
Three assumptions are made in the Fowler Nordheim model (F-N model) [22]. 
- T h e electrons tunnel through a triangular potential barrier at a constant 
energy E 
- The metal surface is perfectly smooth 
- T h e emission occurs at absolute zero (temperature = OK) 
The following picture describes the band energy diagram of electron field 
emission. 
Ep is the Fermi energy 
Electron Energy O is the metal work function 
A 
口 Vacuum Level 
i^ vac X - • • ‘ � - “ 
； \ Z — 一 ImagrPE 
^ A 
0 ‘ I \ 
r if “ Barrier Height 
Fermi ” Metal Surface ： |f X \ ” 
- - - - — — — — j r — — — — — — —^r X — — — * — — — - — 
• K S R I S B Z f PE:v(x) 
” BH 雄 8 8 1 / 
Xo - u X2 Position 
Figure 1.1 Band diagram of electron field emission 
The resultant Potential Energy (PE) seen by the electrons inside the metal is the 
sum of the applied PE, which comes from the external applied electric field, and the 
image PE. In classical theory, electrons should not come out from the metal surface 
because none of them have enough energy to overcome the potential barrier while in 
‘ w 
m 
Chapter 1 Introduction 、….^^) 
quantum theory, electrons could penetrate the potential barrier and it is known as 
electron tunneling. Therefore, Fowler and Nordheim manipulated the Schrodinger 
equation in the derivation of Fowler Nordheim equation (F-N equation). More details 
can be found in Appendix. 
Before the electron field emission occurs, the sample behaves like a diode and 
the measured current is the leakage current which slightly increases with the applied 
voltage. The following picture is a typical F-N plot. Only the high field region 
represents the electron field emission. 
High field region Low field region 
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-8- \ \ • • \ • • _• 
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Figure 1.2 A typical F-N plot showing the low field and high field electron current 
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1.4 Factors Affecting the Field Emission Properties 
In the field emission properties of metal dielectric composite, it is slightly 
different from the electron emission of metal described in the F-N model. There are 
two mechanisms which play important roles and contribute to the field enhancement. 
They are the surface morphology and the electrical inhomogeneity [17-20]. 
1.4.1 Surface Morphology 
Surface morphology is a key factor affecting the field emission performance. 
One of the assumptions in the F-N model required a perfectly smooth surface, but 
introducing many small protrusions to the emission surface could possibly lead to a 
field emission enhancement. This is because the charge density is much higher at the 
abrupt regions and this gives a higher probability in electron emission at the small 
protrusions on the emission surface. The surface morphology could be modified by 
thermal treatment such as rapid thermal annealing (RTA). 
1.4.2 Electrical Inhomogeneity 
After ion implantation, the implanted atoms would be embedded in the 
dielectric layer and this embedded conducting metal clusters are responsible for the 
second field enhancement which is known as electrical inhomogeneity. After 
applying an external electric field on the emission surface, the electric field lines 
would concentrate on those conducting area and results in a local field enhancement 
as shown in Figure 1.3. 
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Figure 1.3 Local field enhancement by electrical inhomogeneity 
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1.5 Goal of this Project 
In the past few years, the investigations on cold field emission materials 
including carbon containing thin films, nanotubes as well as metal dielectric 
nanocomposite thin films have been continuing to be a hot topic in the field of 
material science. Despite of searching for a materials system which has a lower 
turn-on field, the field enhancement mechanisms behind the emission of electrons in 
these different kinds of materials are still debatable. 
In electron field emission, the field enhancement factor p is not only governed 
by only surface morphology. Instead, it also depends on the internal structure such as 
micro-inclusions, changes in chemical bonding and grain boundary structures [27]. 
Therefore, there are many studies on different kinds of materials. In 1980s, the 
majority focused on amorphous carbon films. It is found that the hybridization of the 
carbon film would affect the turn-on field and the field emission properties [28-30]. 
Therefore, researchers moved on to study the diamond like carbon films [31] and 
more complex alloys such as some metal doped hydrogenated amorphous carbon 
film [32-33]. 
After the mid-90s, the discovery of carbon nanotubes (CNTs) brought a new 
scenario on cold cathode materials [34-36] CNTs posses a very high aspect ratio and 
this gives rise to a low tum-on electric field and high field enhancement factor. A 
detailed investigation of the field emission properties of carbon nanotubes can be 
found in ref. [56]. In this paper, the field emission measurement was carried out 
using a 4mm spherical anode. The emission area was estimated to be about 250|j.m in 
diameter. A 1.75V/|im tum-on field was recorded for InA emission current. However, 
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mass production of carbon nanotubes with similar size and similar microstmcture is 
still a major challenge in device application. This is because the hairy like nanotubes 
which is prepared by arc discharge techniques into triode structure will cause 
electrical short circuits between the cathode back contact and the gate electrode. In 
order to solve this problem, some researchers tried to grow the nanotubes with 
catalytic methods. Unfortunately, this approach required a high temperature and was 
not compatible with glass substrate for display application. 
In our lab's previous work, the good field emission properties of tungsten 
implanted silicon carbide (W-SiC) [24] were attributed to the surface morphology, 
the electrical inhomogeneity and the formation of tungsten carbide. An embedded 
conducting grains (EGS) model was proposed in order to explain the local field 
enhancement the SiC system. 
The goal of this project is to investigate the field emission properties of Fe and 
Co implanted Si02 thin films and study the events associated with the metal clusters 
inside the dielectric material. High quality SiC^ thin film with controllable thickness 
can be easily prepared in laboratory. Moreover, SiO! is a versatile substrate material 
for ion implantation to create metal clustered thin films and their fabrication process 
is fully compatible with existing integrated circuit technology which is an advantage 
for device application. RTA was performed in order to modify the metal grain size 
and the surface morphology of the samples. It is believed that these two factors 
would have an important influence on the field emission performance. The last but 
not least, the field enhancement mechanisms of this kind of metal dielectric 
nano-composite structure was studied. 
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2.1 Sample Preparation 
In this project, n-type (100) 0.01-0.02ncm silicon wafers were used as 
substrates. These wafers were firstly cleaned by hydrofluoric acid (HF) which has a 
HF:H20 ratio equaled to 1:50 in order to remove the native oxide on the surface of 
the wafers. The cleaned wafers then underwent dry oxidation at a temperature 
1100°C for about 30mins with an oxygen flow rate equaled to 1 Ocm^/min. After the 
oxidation, a lOOnm silicon dioxide (SiCh) was grown on both sides of the silicon 
wafer. Next, the top surface of each wafer was coated with photo-resist using the spin 
coater and baked. They were then etched by HF solution again such the oxide layer 
on the back side of the wafer were removed. The photo-resist was then removed. 
After the above preparation, the wafers could be placed into the chamber of the 
MEVVA ion implanter. Different doses of Fe or Co ions were implanted in to the 
Si02 layer at an extraction voltage of 30kV with a fixed beam current of 0.5mA. 
SRIM simulation was carried out to make sure this extraction voltage was high 
enough such that the implanted ions could penetrate through the Si02 layer. This was 
important for the field emission measurement so that the voltage could be applied to 
the sample surface by connecting the electrode to the Si substrate. 
Moreover, some samples underwent rapid thermal annealing (RTA). Three 
annealing temperatures, 300°C, 400°C and 500°C, were chosen and the process was 
carried out in Ar ambient for 30sec. 
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The following section would describe the MEVVA ion implantation system and 
the implantation condition used in the project. 
^ i " 
I.,./-* 、.... 
m 
Chapter 2 Sample Preparation and Characterization methods •：.::,擺:) 
2.1.1 MEVVA Ion Implantation System 
The technique of metal vapour vacuum arc (MEVVA) ion source was developed 
by Brown et al. [37] in 1985 at the Lawrence Berkeley Laboratory. Compared with 
the conventional ion implanter, the MEVVA ion source greatly increases the beam 
current from jiA (10"^A) order to mA (10"^A) order. This shortens the implantation 
time a lot making the synthesis of thin films by ion implantation more practical. 
Figure 2.1 shows the schematic diagram of the MEVVA ion implantation system. 
, Extraction grids Target 
Anode , ° 本 ^ , , , . ^ ^ substrate 
Cathode (consists a Co or Fe 
source; a 1cm diameter / / 
_ / /2mm ^ 
〜爲承 I I I ^ 
V 115mm I I 
u p r ^ h r* I ； 
Arc Voltage jl •� 
( � 1 5 0 V) 不 淨 \ \ Intense 
extracted 
Trigger . 
”， ion beam 
Voltage vw 
300^2 -3kV T " 
L 
Extraction voltage 备 
Figure 2.1 Schematic diagram of the MEVVA ion implantation system 
There are three main basic components presents in an ion implantation system. 
m 
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It includes an ion source, an acceleration system and a target station. The ion source 
is operated in a pulse mode with a pulse length fixed at 1.2 ms at a frequency of 1 to 
25 Hz. During the ion implantation, a high voltage pulse of about 10 kV is applied 
between the trigger electrode and the cathode. This can induce a spark discharge and 
create a very high temperature. The cathode material is then vaporized and ionized. 
Dense plasma is thus formed at the surface of the cathode material. The formation of 
plasma is continued in the working triggering frequency. This quasi-neutral plasma 
traverses from the cathode towards the anode. This allows the arc current of 70 to 
200 A to flow between the cathode and the anode at the arc voltage of 60 to 160 V. 
The quasi-neutral plasma then traverses to the extraction grids. In the acceleration 
system, a high voltage typically in the range of 35 to 80 kV is applied to the 
extraction grids in order to build up a high electric field for accelerating the positive 
ions inside the plasma. An intense ion beam including multiple charge states can be 
extracted. It should be noted that the extraction grids has many apertures to ensure a 
more uniform ion distribution of the intense ion beam. A negative suppression 
voltage of about -3kV relative to the target is supplied to the intermediate extraction 
grid for suppressing secondary electrons to avoid miscounting to the beam current. 
The outermost grid has ground potential. Furthermore, at the cathode source, there is 
a step motor which could push the source material forward at the trigger surface to 
replace those consumed. This feature allows a long and high dose implantation of the 
same type of source material without either replacing the cathode source or breaking 
the vacuum. 
The generation of the intense ion beam mentioned above must proceed in a 
vacuum during the implantation. The vacuum system is composed of a molecular 
turbo pump and a mechanical pump. The base pressure is about 2 to 6x10~^Pa. The 
n f 
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vacuum will be deteriorated after the formation of arc discharge. Upon the high 
averaged beam current and extraction voltage, heating effect on the target substrate 
will be observed. This provides a substrate heating effect with sharply rises and drops 
of temperature with the change in triggering pulse frequency. The substrate can be 
cooled by flowing liquid nitrogen to the substrate holder. Therefore, a range of 
working temperature from -200K to 800K can be provided for different implantation 
requirements. 
MEVVA ion source is a versatile technique because it has several advantages 
over the traditional ion source. One of the favourite features is that almost all the 
metal elements in the periodic table can be manipulated by the MEVVA ion source. 
Non-metals which are conductive like carbon and silicon are also available for 
implantation [38-39]. This plasma generated by the sparking of the high trigger 
voltage contains ions with different charge states. For example, there exists Fe+ 
(25%), Fe2+ (68%) and Fe^^ (7%) in the Fe plasma and the average charge state is 
1.82 [40]. These values are used for calculating the implanted dose and determine the 
desired extraction voltage by TRIM simulation. 
^ i " 
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There are other important features of the MEVVA ion implantation system. First 
of all，the ion beam is much broader compared with the conventional one. It can 
cover the whole four inches wafer directly and large uniformity can be achieved by 
the multi-aperture extraction grid. Moreover, the distance between the sample stage 
and the cathode source is about 80cm. The uniformity under this situation is 
determined to be within 士50/0. Second, unlike conventional implanter, there is no 
mass analyzer inside the MEVVA system for selecting particular ion species with 
desired charge stage. Finally, the instantaneous input power density of the MEVVA 
system is very high for triggering the ion source. 
^ W 攀 I.::，态、i:! 
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2.1.2 TRIM Simulation 
Before the implantation, TRIM simulation has to be carried out so as to get a 
rough idea on the distribution of the implanted ions as well as deciding the suitable 
accelerating voltage for a desirable implantation depth. The ion distribution inside an 
amorphous substrate C(z) is approximated by a symmetrical Gaussian distribution 
according to the LSS theory [41]. 
r 2 “ 
C(z) = - ^ e x p (2.1) 
av27i 2a 
D is the dose 
z is the depth under the substrate surface 
a is the standard deviation from the mean 
Zp is the projected range 
The simulation program is called SRIM2000 [42] which employ the Monte 
Carlo Algorithm for the simulation of the ion distribution profile. Apart from the ion 
distribution, the program could also calculate the range and damage distribution as 
well as angular and energy distribution of those backscattered and transmitted ions in 
amorphous substrates. 
The following two graphs (Figure 2.2 and 2.3) show the simulation results of Fe 
and Co implantation at an extraction voltage of 30kV. Assume the implanted dose is 
IxlO^^cm"^. The results ensure that the implanted ions could penetrate the Si02 layer 
which is lOOnm. The thickness of the SiO� layer is proven by ellipsometry. In fact, 




Chapter 2 Sample Preparation and Characterization methods 〔..::驟 
Fe ion distribution at 30kV 
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Figure 2.2 Ion distribution of Fe inside the substrate at 30kV implantation 
Co ion distribution at 30kV 
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Figure 2.3 Ion distribution of Co inside the substrate at 3QkV implantation 
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2.1.3 Implantation Conditions 
There are several parameters determine the implantation result. These 
parameters are: 
1. extraction voltage 
2. total implanted dose 
3. trigger voltage 
4. trigger frequency 
5. arc voltage 
Adjusting the first two parameters, extraction voltage and total implanted dose, 
are intuitive. The trigger voltage, trigger frequency and arc voltage determine the 
beam current density. This beam current density also depends on the surface status of 
the cathode source. The table below shows the implantation conditions in this 
project. 
Sample Dose Beam current Extraction voltage SiO] 
code (ions/cm^) (mA) (kV) thickness 
LD-Co Ix io l? 0.5 30 lOOnm 
MD-Co 2x1017 0,5 30 lOOnm 
HD-Co 3x1017 0.5 30 lOOnm 
LD-Fe Ix l0 l7 0.5 30 lOOiim 
MD-Fe 2x:i0 口 0.5 30 lOOnm 
HD-Fe 3x1017 0.5 30 lOOnni 
Table 2.1 Summary of the implantation conditions 
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The implanted dose could be calculated from the total accumulated charge of 
ions (Qtotai) which is counted by the charge integrator present in the MEVVA 
implantation system. The formula is [43]: 
D = — — — — （2.2) 
(1.6x10-9)互A � 乂 
Qtotai is the total accumulated charge of ions 
A is the area of the ion beam which equals to 497tcm 
q is the average fractional charge state 
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2.2 Characterization Methods 
There are two main factors controlling the field enhancement mechanism. They 
are the surface morphology and the electrical inhomogeneity which were studied by 
the atomic force microscopy (AFM) and conducting atomic force microscopy 
(CAFM) respectively. The retained dose after the implantation was determined by 
Rutherford backscattering spectrometry (RBS). The structure and phase of the 
nanocomposite were studied by x-ray diffraction (XRD) and transmission electron 
microscopy (TEM). The field emission properties of the samples were measured by a 
Hewlett Packard HP4339A high resistance meter at an high vacuum system with a 
Q 
base pressure better than 2x10' Torr. 
2.2.1 AFM - Atomic Force Microscopy 
Atomic force microscopy (AFM) is one of the extensions of scanning tunneling 
microscopy (STM) which was invented by Binning et al. in early 80's [44]. One of 
the weaknesses of STM is that it could only apply to conductive samples. Therefore， 
the Binning et al developed the AFM in 1986 [45]. It overcomes the limitation of 
traditional STM as it can be applied to any types of materials including 
non-conducting materials. 
The principle of AFM is based on the measurement between the interaction 
force between the surface atoms of sample and the atoms of the probe tip. More 
details can be found in reference [46]. Figure 2.4 shows the schematic of the AFM. 
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Figure 2.4 Schematic diagram of atomic force microscopy 
The sample is mounted on an x, y, z piezoelectric scanner which is used to move 
the mounted sample in the x and y directions with a lateral resolution of about 1 A. A 
flexible cantilever which has a spring constant of about 0.1 - lONm"^ and a sharp tip 
at the end is fixed above the sample surface. On top of the cantilever, there is a laser 
diode emitting a laser beam. The beam is first reflected by the back side of the 
cantilever into a mirror and finally arrives at a position sensitive photodiode (PSPD) 
detector, as the tip is scanned over the sample surface. When there is any movement 
of the cantilever on the z-direction，the position of the laser beam at the PSPD 
detector will be shifted such that a vertical movement as small as lA could be 
detected. All the signals detected by the PSPD detector is transmitted to the computer 
and with further analysis, a surface morphologic image could be constructed. 
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2.2.2 C-AFM - Conducting Atomic Force Microscopy 
In this project, the study of the electrical inhomogeneity of the samples is done 
by conducting atomic force microscopy (C-AFM). It is modified from a commercial 
AFM (Nanoscope III，Digital Instrument Inc.) with a home made preamplifier. The 
noise level of the preamplifier is less than 1.5pA. A commercial Si3N4 cantilever 
coated with 50nm TiN is used as a conducting probe. In C-AFM, a fixed DC bias 
voltage is applied across the tip of the probe and the sample. The separation between 
the tip and the sample surface is fixed by the feedback control of the computer and 
the currents flowing between the tip and the local regions of the sample are measured. 
A larger current will be measured at region with higher conductivity and vice versa. 
Finally, an image showing the local conductivity of the samples could be obtained. 
2.2.3 RBS - Rutherford Backscattering Spectrometry 
Rutherford backscattering spectrometry (RBS) is based on collisions between 
atomic nuclei and derives its name from Lord Ernest Rutherford, who in 1911 was 
the first to present the concept of atoms having nuclei. It involves measuring the 
number and energy of ions in a beam which backscattered after colliding with atoms 
in the near-surface region of a sample at which the beam has been targeted. By 
counting the scattering events between the incident ions and the atoms in the sample, 
it is possible to determine atomic composition and the thickness of the thin film 
layers under the sample surface. RBS is ideally suited for determining the 
concentration of trace elements heavier than the major constituents of the substrate. 
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When a sample is bombarded with a beam of high energy particles (He ions), 
the vast majority of particles are implanted into the material and do not escape. This 
is because the diameter of an atomic nucleus is on the order of IxlO'^^m while the 
spacing between nuclei is on the order of 2x10 -lOm. A small fraction of the incident 
particles do undergo a direct collision with a nucleus of one of the atoms in the upper 
few micrometers of the sample. This "collision" does not actually involve direct 
contact between the projectile ion and target atom. Energy exchange occurs because 
of Coulombic forces between nuclei in the close proximity to each other. However, 
the interaction can be accurately modeled as an elastic collision using classical 
physics. The detailed principle of RBS can be found in reference [47] [48]. Figure 
2.5 shows the travel of the He ions during a RBS measurement. 
h r 
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Figure 2.5 The movement of the He ions during the RBS measurement 
There are four basic factors which are involved in the ion and solid interaction in 
the RBS measurement 
1. The energy of the projectile after collision can be related to its energy before the 
collision by means of kinematics factor. 
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2. The interaction between the projectile and the target atom could be described as 
an elastic collision between two isolated particles and expressed in terms of 
scattering cross section. 
3. The energy loss of the energetic projectile as it traverses the path due to the 
coulumbic electrical potential on the target atoms leads to the concept of the 
stopping cross section. 
4. The energy loss process is a statistic process. Thus the mono-energetic projectiles 
assume an energy distribution after penetrating a given depth of the target. This is 
known as straggling. 
The scattering cross section provides RJBS with a quantitative capability, the 
stopping cross section results in the capability for the depth analysis and the energy 
straggling sets the limit on the mass and depth resolution. 
The RBS spectra of all the implanted samples in the project were taken with a 
2MeV He+ incident beam inside a 2MV tandem accelerator in our lab. The 
backscattering ions were collected by a surface barrier detector with a resolution of 
15keV placed at an angle of 170° A simulation program called SIMNRA [49] was 
used to fit the RBS spectra in order to obtain the dose information and the depth 
profile of the implanted ions inside the substrate. 
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2.2.4 TEM - Transmission Electron Microscopy 
TEM is one of the most powerful techniques in material characterization. It is 
widely used to study the microstructure, morphology, cross section profile as well as 
local chemical composition of materials. To take a TEM image, the specimen has to 
be thinner than the penetration depth of the probe electrons and this is similar to the 
light is transmitted through materials in conventional optical microscope. Because 
the wavelength of electrons is much smaller than that of visible light, the optical 
resolution attainable for TEM images is many orders of magnitude better that of an 
optical microscope. Typically, the resolution of a TEM image could be in the order of 
0.2nm. Moreover, additional functions like transmission electron diffraction (TED) 
could also provide phase analysis. The detailed principles of TEM could be found in 
reference [50] [51]. 
However, unlike RBS and XRD，TEM is a destructive technique and the sample 
preparation is time consuming and difficult since the samples have to be milled to 
less than 30-40nm. The details on the sample preparation of plan view and 
cross-sectioned TEM could be found in the reference [52] [53]. 
^ w 
囉 Chapter 2 Sample Preparation and Characterization methods 〔 : ;羅 
2.2.5 Field Emission Measurement 
The measurement of the field emission properties of all the implanted samples 
were taken at room temperature inside an ultra-high vacuum chamber with a base 
pressure better than 2xlO'^Torr. Figure 2.6 shows the schematic of the field emission 
measurement system. 
UHV chamber ^ ^ ^ 
HP4339A r i - 誦画 _ _ _ _ ^ H Ion pump 
High resistance ^ ^ ^ 
meter 
‘ m ‘ 
GPIB I 
Computer Turbo pump ^ ^ H Diaphragm pump 
Figure 2.6 Schematic of the field emission measurement system 
The voltage versus current plot is obtained in each measurement. The samples 
are placed between two copper electrodes and the distance between the sample 
surface and the copper anode is fixed by a mica spacer at about 20jim. Then a current 
density (J) and applied electric field (E) could be obtained after the mica thickness 
and the emitted area is determined. 
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In this work, Hewlett Packard HP4339A high resistance meter is used for the 
measurement of I-V characteristics. It is computer controlled and the measurement 
could be repeated four times with fixed voltage step. The leakage current of the 
HP4339A meter is less than 10"^ A and the maximum output current is 0.01mA. The 
maximum voltage is limited to lOOOV. In each measurement, the sample is subjected 
to an applied voltage from an initial voltage with a fixed voltage step and time 
interval until the emission current reaches a preset value. After that, the applied 
voltage will decrease down to the initial voltage with the same voltage step and time 
interval. This measurement loop could be repeated 4 times for checking the 
reproducibility of the I-V characteristics and the stability of the samples. The turn-on 
field is defined as the electric field strength where the current density reaches 
1 iiA/cm^. 
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3.1 Introduction 
In recent years, the investigation of new cold electron field emission materials 
has been drawing lots of attention in the material world because of their possible 
application on high speed and high frequency vacuum microelectronic devices as 
well we field emission displays. Diamond and diamond film [3-4], amorphous 
carbon layers [5-11], nanotubes [12-13]，silicon carbide layers [14-18] and 
nano-composite dielectric films [19-20] have been studied by many research groups. 
In the research in nano-composite dielectric films, it is suggested that the surface 
morphology and the electrical inhomogeneity of the samples could lead to a local 
field enhancement [24]. One of the goals in our project is to verify these field 
enhancement mechanisms by studying th^ field emission properties of the Co-Si02 
and Fe-Si02 samples. ‘ 
In this chapter, the field emission properties of as-implanted Co-SiO� samples 
were studied. These samples were prepared by or Co implantation on a 1 OOnm SiO: 
films which were thermally grown by dry oxidation and the oxide thickness was 
verified by ellipsometry. Samples with three different doses were named with prefix 
LD (low dose = 1x10 'W^) , MD (middle dose - 2 x 1 0 ' W ^ ) and HD (high dose = 
respectively. In the following parts, the RBS results as well as the 
relationship between the implanted dose and the field emission properties are shown. 
The AFM images were taken for the studied for the surface morphology. Furthermore, 
the field emission properties such as the tum-on field and the field enhancement 
factor p are determined from the J-E plots and the Fowler-Nordheim plots (F-7Vplot). 
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3.2 RBS results 
RBS is a versatile technique for the determination of the retained dose presence 
in the thin films after implantation. Moreover, it could be used to estimate the 
thickness of the films if the densities of the films are known. 
In the simulation, a three layer model instead of one layer is used for more 
accurate result. Each layer is composed of different composition of Co, Si and O. This 
is similar to the real situation because, after implantation, the distribution of the 
implanted ions will follow the Gaussian model rather than an even distribution inside 
the substrate. 
Co 640/0 1 1 碰 聊 1 4 0 / 0 、 I 
fe^^i瞧f 
Figure 3.1 The simulation parameters for the HD-Co sample 
The following figure shows the RBS spectrum of and the HD-Co sample. The 
red curve is the experimental data and the blue curve is the simulation result. 
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Figure 3.2 RBS spectrum of HD-Co 
Table 3.1 summarizes the RBS results of all the Co implanted samples. As the 
implantation dose increases, the thickness of the remained films decreases. This is 
because the implanted ions kicked out the host atoms at the surface of the sample. 
This effect is known as sputtering effect. 
Thickness 
Sample code Nominal dose (cm"^) Retained dose (cm"^) 
atoms/cm^) 
LD-Co Ixl0i7 7.28x1016 620 
MD-Co 2x10'^ 1.60X10�7 605 
H D - C o 3x10。 1.32x1017 510 
Table 3.1 Summary on RBS results 
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3.3 Experimental results of Co-Si02 as-implanted samples 
This section will focus on the experimental results of the Co-Si02 samples. The 
results included the phase determination of AFM and C-AFM images for the analysis 
in surface morphology and the electrical inhomogeneity as well as the field emission 
results. 
3.3.1 AFM results 
The best way to study the surface morphology of the implanted samples is AFM. 
The following three pictures are the AFM images of the Co-SiO� samples. 
Mm 
Figure 3.3 The AFM image of LD-Co 
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1.0 
Figure 3.4 The AFM image of MD-Co 
[jm. 
Figure 3.5 The AFM image of HP-Co 
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All the Co samples are found to be very smooth. As the implanted dose increases, 
the surface becomes slightly rougher. 




Table 3.2 The surface roughness of the Co samples 
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3.3.2 Field emission properties of as-implanted Co-Si02 
A pure Co film is prepared by e-beam evaporation for comparison with the 
Co-Si02 nano-composite thin films. The thickness of the Co film is about 200nm. 
Figure 3.6 shows the J-E of the pure Co sample. 
J-E plot - Co film 
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Figure 3.6 The J-E plot of a pure Co thin film 
The tum-on field of the Co film sample is about 32 V/|im. And the field 
enhancement factor is about 31.2. 
The J-E characteristics and the F-N plot of the Co-Si02 samples are shown in 
Figures 3.6, 3.7 and 3.8. The tum-on voltage is defined as the applied electric field at 
which the current density reaches 1 |iA/cm . 
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Figure 3.7 The J-E plot of Co samples with different implanted dose 
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Figure 3.8 The J-E plot of Co samples in log scale 
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Figure 3.9 The F-A^plot of Co samples with different implanted dose 
From the above J-E plots, it is observed that the MD-Co shows the lowest 
turn-on field among all the as-implanted Co samples. 
The field enhancement factor p is directly proportional O^^ ^ and inversely 
proportional to the slope of the F-A^plot. Therefore the value of p could be determined 
from the slope of the F-TV^plot. 
03/2 
P = (3.1) 
slope 
P is the field enhancement factor 
O is the work function of the emission material 
k is the proportional constant 
By taking k = 1, we can obtain the relative value of P in arbitrary unit. The work 
function of Co is 5eV [54] and the field emission properties of the Co-SiCb are 
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summarized in the following table with a bare n-Si (100) sample as reference. This 
reference sample has been cleaned in HF solution and has a resistivity O.OlQcm -
Sample code Turn-on field (V/|im) P (a.u.) 
Si 26.2-29.5 60.4 
Co film 32 31.2 
LD-Co 22.1-26.1 68.0 
MD-Co 20.1-23.8 89.8 
HD-Co 24.8-30.0 75.5 
Table 3.3 Summary on field emission broperties of as-implanted Co samples 
It is found that MD-Co has the lowest turn-on field and largest p. As the 
implanted dose further increases, i.e. the HD-Co sample, there is a small decrease on 
the P value while the turn-on field has a big retardation and even worse than LD-Co. 
All Co implanted samples have better field emission properties than the bare Si and 
Co film samples. 
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3.4 Step-like and jump-like features in the J-E plots 
In the J-E measurements, each sample is measured for eight times with up and 
down in four cycles in order to confirm the reproducibility of the electron field 
emissions. It is found that there are some step-like and jump-like characteristics in 
the J-E plots as shown in figure 3.9. 
These step-like and jump-like features are not repeatable in every measurement 
but similar step-features might be found throughout the four cycles of measurement. 
Another property is that the features are more obvious in the high implanted dose 
samples such as HD-Co. Moreover, the features might vary in position where they 
appear. 
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Figure 3.10 Step-like and lump-like features found in HD-Co 
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Two models are proposed for the step-like and jump-like features found in the 
J-E plots. The first model is that there is formation of new conducting paths due to 
the conducting grains modification inside the dielectric during the electron field 
emission. Another model is the local self-annealing caused by the field emission 
current. 
Formation of new conducting paths 
After the ion implantation, the implanted atoms would distribute over the 
dielectric layer in the form of tiny grains and would be in a non-equilibrium stage. 
The ion distribution profile would follow the Gaussian distribution model with more 
ions in the middle and less ions at both ends. These ions presence in the form of tiny 
conducting gains might align together forming a conducting path connecting the n-Si 
substrate to the grains at the surface of the dielectric where the electron field 
emission occurs as shown in figure 3.10. 
M M < ~ Emission currents 
纏 
I Complete p a t h s 【 丨 Broken paths 
Figure 3.11 The cross profile of an as-implanted nano-composite dielectric 
But as long as the external applied electric field is getting higher, the broken 
paths might be completed as electrons penetrate through the dielectric at the gap and 
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this is known as the pre-emission events. In some cases, as long as the electrons keep 
flowing through the gap, heat energy is released and the atomic arrangement might 
be destroyed. Therefore, the implanted atoms might diffuse into the gap and a 
complete conducting path is formed. 
Emission c u r r e n t s ^ 
% . 姻 m^ki 
Figure 3.12 The formation of new conducting paths inside the dielectric layer 
The formation of new conducting paths is able to account for the slopes become 
steeper in the J-E plots since the number of emission currents increases. But it fails 
to explain those slope become gentler. 
Local self-annealing 
This is another possible explanation for the step-like characteristics found in the 
J-E plots. Moreover, it could also accounts for the jump-like features. 
During the electron field emission, there would be heat energy given out due to 
joule heating. The released heat would be either lost to the surroundings or absorbed 
by the tiny conducting grains. Once it is absorbed, the conducting grains could 
diffiise and combine to form larger grains. As the conducting grains at the emission 
surface become larger, they might stop emitting electrons since the electric field lines 
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are less concentrated at larger grains and this leads to the decrease in current density. 
On the other hand, new conducting paths might form as the grains inside the 
dielectric grow larger. The effect is illustrated in the picture below. 
• ‘ 氣 E m i s s i o n currents 
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Figure 3.13 The effect of local self-annealing on the dielectric layer 
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3.5 Chapter summary 
In this chapter, the field emission properties of the as-implanted Co-Si02 were 
shown. The following table and graph summarize the experimental results. 
Sample code Tum-on field (V/|im) p (a.u.) Roughness (r.m.s.) 
Si 26.2-29.5 60.4 Onm 
LD-Co 22.1-26.1 68.0 0.152iim 
MD-Co 20.1-23.8 89.8 0.186nm 
HD-Co 24.8-30.0 75.5 0.250nm 
Table 3.4 Summary on all the as-implanted samples 
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Figure 3.14 The field enhancement factor of the Co implanted samples 
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Here are some important findings: 
1. All the Co implanted samples show a better field emission performance than the 
bare Si sample. 
2. MD-Co shows a larger field enhancement and larger turn-on field. 
3. MD-Co shows the lowest turn-on field (20.1-23.8 V/jim) and the largest field 
enhancement factor p (89.8) which are two times larger than that of bare Si. 
4. Compared to MD-Co, HD-Co has a rougher surface but both the turn-on field 
and the (3 are smaller than those of MD-Co. This implies that the there exists 
other factors affecting the field enhancement mechanism. 
5. Step-like and jump-like features were found in J-E plots. The reasons might be 
due to the formation of new conducting paths and the local self-annealing. 
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4.1 Introduction 
In this chapter, the field emission properties of as-implanted Fe-Si02 and 
annealed FeSiO? samples were investigated. Similar to those Co-Si02 samples in the 
last chapter. These samples were prepared by Fe implantation on a lOOnm SiO: films 
which were thermally grown by dry oxidation and the oxide thickness was verified 
by ellipsometry. In addition, some of the samples were treated by Rapid Thermal 
annealing (RTA) with different annealing temperature. Samples with three different 
doses were named with prefix LD (low dose = IxlO'^cm'"), MI) (middle dose = 
2xl0'^cm'^) and HD (high dose = respectively. Moreover, the suffix 
C_300, _400 and 一500) indicated the annealing temperature. 
In the following parts, the RBS results as well as the relationship between the 
implanted dose and the field emission properties are shown. The AFM and CAFM 
images would be studied for the surface morphology and the electrical 
inhomogeneity. The last but not least, the field emission properties are determined 
from the J-E plots and the Fowler-Nordheim plots (F-A/^plot). 
^ w 
I: ... 
騵 Chapter 4 Field Emission properties of Fe-SiQ； 、.：:..黑:.:、 
4.2 RBS results 
Similar to chapter 3, a three layer model is used for the simulation. Here shown 
the simulation parameters. 
0 32.6% _ 
Figure 4.1 The simulation parameters for the HD-Fe sample 
The following figure shows the RBS spectrum of the HD-Fe sample. 
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Figure 4.2 RBS spectrum of HD-Fe 
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Table 4.1 summarizes the RBS results of all Fe the implanted samples. Like the 
Co implanted samples. The Fe samples are also suffered from the effect of sputtering. 
The relationship between the nominal dose and the retained dose is shown in figure 
4.3. 
Thickness 
Sample code Nominal dose (cm"^) Retained dose (cm"^) 
atoms/cm^) 
LD-Fe Ixl0i7 7.72x1016 620 
MD-Fe 2x1017 1.30x10^^ 600 
HD-Fe 3x1017 L52x10'^ 525 
Table 4.1 Summary on RBS results 
Nominal dose VS retained dose 
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Figure 4.3 The plot of nominal dose VS retained dose 
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4.3 Experimental results of the Fe-SiOz as-implanted samples 
Compared to the bare Si sample, the as-implanted Fe-Si02 samples also show 
better field emission properties and the results were shown in the following parts. 
4.3.1 AFM results 
The AFM images of the Fe-SiO: samples are shown in the pictures below. 
0 . 8 
Figure 4.4 The AFM image of LD-Fe 
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Figure 4.5 The AFM image of MD-Fe 
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Figure 4.6 The AFM image of HD-Fe 
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Unlike the Co samples, the Fe samples show a big difference on surface 
roughness at the implanted dose increases. 




Table 4.2 The surface roughness of the Fe samples 
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4.3.2 Field emission properties of as-implanted Fe-SiO? 
The J-E plots and the F-N plot of the Fe-Si02 samples are shown in figure 4.7, 
4.8 and 4.9 
J -E plot - Fe 
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Figure 4.7 The J-E plot of Fe samples with different implanted dose 
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J-E plot - Fe (dosMoxlO^^ cm^) 
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Figure 4.8 The J-E plot of Fe samples in log scale 
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Figure 4.9 The F-A/"plot of Fe samples with different implanted dose 
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To calculate the P value of the Fe samples, it is necessary to know the work 
function O of Fe. According to the CRC handbook of Chemistry and Physics [54], 
the O of Fe (100) is 4.67eV and the O of Fe (111) is 4.8leV. Take the average of 
these two values and the O of Fe is assumed to be 4.74eV. 
In the Fe series，similar to the Co series, MD-Fe shows the lowest turn-on field 
and largest P. There is a reduction in the turn-on field and P value in HD-Fe but the 
field emission performance is still better than LD-Fe. Table 4.3 summarizes the field 
emission results of the Fe samples. 
Sample code Turn-on field (V/^im) P (a.u.) 
Si 26.2-29.5 60.4 
LD-Fe 24.8-31.6 76.9 
MD-Fe 16.9-19.3 115.7 
HD-Fe 19.1-22.5 108.5 
Table 4.3 Summary on field emission properties of as-implanted Fe samples 
~ w 
m 
Chapter 4 Field Emission properties of Fe-Si02 、..‘暴丨“::' 
4.3.3 Comparison with Co-SiO] samples 
Compared with the field emission properties of the as-implanted Co-Si02, 
Fe-Si02, in general, shows a better field emission performance. The following table 
and graphs summarize the experimental results. 
Sample code Tum-on field (V/|am) P (a.u.) Roughness (r.m.s.) 
Si 26.2-29.5 60.4 Onm 
LD-Co 22.1-26.1 68.0 O.I52nm 
MD-Co 20.1-23.8 89.8 0.186nm 
HD-Co 24.8-30.0 75.5 0.250iini 
LD-Fe 24.8-31.6 76.9 0.372nm 
MD-Fe �6.9-19.3 115.7 0.540nm 
HD-Fe 19.1-22.5 108.5 2.894nm 
Table 4.4 Summary on all the as-implanted samples 
Fe Co 
Electron Configuration [Ar] [Ar] 
Electronegativity 1.83 1.88 
1 St ionization energy 762.5 kJ .mo� i 760.4 kJ .mo� i 
2nd ionization energy 1561.9 kJ-mof^ 1648 kJ-mof' 
Table 4.5 Physical properties of Fe and Co 
Both Fe and Co have two valence electrons at the outermost shell. The reason of 
better field emission of Fe over Co is that the Fe atoms have a larger tendency to lose 
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electrons and the ionization energy is 5.5% lower than that of Co. 
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Figure 4.10 The field enhancement factor of the Co implanted samples 
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Figure 4.11 The Field enhancement factor of the Fe implanted samples 
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Here are some important findings: 
1. All the Co and Fe implanted samples show a better field emission performance 
than the bare Si sample. 
2. Both MD-Co and MD-Fe show a larger field enhancement and larger turn-on 
field. 
3. In general, the field emission performance of Fe samples is better than that of Co 
samples. This is due to the difference in physical properties such as the 
electronegativity and the ionization energy between Fe and Co. 
4. MD-Fe shows the lowest tum-on field (16.9-19.3 V/|j.m) and the largest field 
enhancement factor p (115.7) which are two times larger than that of bare Si. 
5. Compared to MD-Fe, HD-Fe has a much rougher surface but both the turn-on 
field and the p are slightly smaller than those of MD-Fe. This implies that, apart 
from the surface morphology, there exist other factors affecting the field 
enhancement mechanism. 
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4.4 Experimental results of annealed Fe-SiO? samples 
In this part, the frame will be focused on the effect of annealing on the field 
emission properties of the Fe-Si02 metal dielectric thin films. Due to the supply of 
heat energy, the tiny metal grains will diffuse, rearrange themselves and aggregate 
together to form a larger metal grains and this leads to the modification of surface 
morphology, the conducting paths inside the dielectric layer and, possibly, the 
electrical inhomogeneity. 
4.4.1 Annealing conditions 
Each sample set of different doses was treated by RTA at temperature 300°C, 
400�C and 500�C in nitrogen ambient for 30 seconds. 
4.4.2 AFM and C-AFM results 
After the annealing, the AFM images of the Fe samples were taken to 
investigate the effect of annealing on the surface morphology, the following pictures 
show the AFM images of HD-Fe samples together with a graph of surface roughness 
versus annealing temperature. 
^ w 
m 
Chapter 4 Field Emission properties of Fe-SiO? :::驟 
書書 
As-implanted 300 C 奢鲁 
400°C 500°C 
Figure 4.12 Evolution of surface morphology with the increase of annealing 
temperature 
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Surface Roughness VS Annealing Temperature 
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Figure 4.13 Surface roughness VS annealing temperature 
From the above figure, it is observed that sample annealing by RTA at 400°C 
can maximize the surface roughness with the same set of samples. Moreover, among 
all the samples, the HD-Fe一400 set shows the roughest surfaces. Further increases 
the temperature to 500°C will reduce the surface roughness since the Fe atoms on the 
dielectric surface will diffuse towards the Si substrate and leads to s smoother 
surface.. 
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Apart from the surface morphology, electrical inhomogeneity is also a critical 
factor affecting the field emission performance. Here shows the C-AFM images of 
the MD-Fe samples at different annealing temperature. 
AFM images C-AFM images 
I^^^^m H H H 
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00 
pm M"! 
Figure 4.14 AFM and C-AFM images of MD-Fe 
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Figure 4.15 AFM and C-AFM images of MD-Fe 400 
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Figure 4.16 AFM and C-AFM images of MD-Fe 500 
The as-implanted MD-Fe sample shows a better electrical inhomogeneity 
compared with the annealing samples. Moreover, a few of the conducting paths or 
channels can be matched to the protrusion on the AFM images. 
But compared with the W-implanted SiC samples made by W. M. Tsang [24], 
the metal dielectric nano-composite samples prepared in this project do not posses a 
strong effect of electrical inhomogeneity as shown in the above C-AFM images. 
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HD-Fe 
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Figure 4.19 TEM images of HD-Fe samples 
For the HD-Fe samples, it is found that the Fe clusters expose at the surface of 
the samples. The surface is much rougher to the MD-Fe samples and this is 
consistent with the AFM images. In addition, the Fe clusters present in the HD-Fe 
samples are larger than that of the MD-Fe samples and there also exists a transition 
layer. This transition layer becomes wider compared with the MD-Fe samples since 
the HD-Fe samples are implanted with larger dosage and longer implantation time. 
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Figure 4.20 TEM images of HD-Fe samples 
Figure 4.20 shows the TEM image of a RTA treated tungsten implanted silicon 
carbide prepared by W. M. Tsang. As shown in the figure, the surface layer contains 
the small metal cluster with diameter ranging from 2nm to lOnm. Below the topmost 
layer, it is the polycrystalline WC layer with thickness approximately equals to 50nm 
and followed by a 50nm thick beta-SiC layer. There are also some large WSi2 
precipitates at the interface between the planner defect layer and the Si substrate. 
Unlike the Si02 in our sample, beta-SiC is electrically conductive with resistivity 
ranging from 4.4Qcm to 5.7^2cm [57]. Moreover, the surface layer is composed of 
many small metal grains which make the sample surface electrically conductive for 
the C-AFM measurement. 
Apart from the surface morphology and the electrical inhomogeneity, there 
is another field enhancement mechanism, which is related to the internal structure of 
the dielectric, proposed by W. M. Tsang. It is called the proximity field enhancement 
effect which is shown in Figure 4.21. 
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Figure 4.21 Proximity field enhancement effect 
This extra enhancement is based on the electric field between the WC clusters. 
As shown in the TEM image, the WC clusters located at the surface are smaller than 
those below them. A strong electric field will set up between these WC clusters 
inside the SiC matrix with thickness approximately equal to 2nm. Consider the 
electrons on the surface WC clusters, the energy barrier is the work function of the 
WC which is about 3.6eV with thickness about 25iim. On the contrary, the electrons 
at the larger WC cluster are more energetic then those on the surface WC clusters and 
the electrons only need to overcome the energy barrier created by SiC which is about 
leV and the tunneling distance is only 2nm and this kind of internal structure 
contributes to the field enhancement. A tum-on field of about 0.35V/|j,m and a field 
enhancement of 5500 are recorded. Compared to this SiC sample, similar structure is 
found in the nano-composite samples. But Si02 is an insulator with a much wider 
band gap compared with SiC. Therefore, this model is not applicable to our samples. 
Nevertheless, Si02 is chosen as a dielectric in this project because its fabrication 
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process is fully compatible with existing integrated circuit technology and this is an 
important issue for device application. Moreover, compared with SiC, the fabrication 
of high quality Si02 film is much simpler and time saving. Another reason of 
choosing Si02 instead of SiC is to avoid the formation of metal silicides and other 
imdesired phases [58]. 
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4.4.4 Field emission properties of annealed Fe-Si02 
All the annealed samples were taken for field emission measurements. Among 
all the samples, MD-Fe_300 showed an ultra low turn-on field and a very large field 
enhancement factor. But this excellent field emission performance was lost in the 
third measurement. 
MD-Fe 300 
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Figure 4.22 J-E plots of the measurement of MD-Fe 300 
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The following figure is the i^ -A/^ plot. It is found that the sample has an average (3 
value equaled to 25800. 
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Figure 4.23 F-N vlots of the measurement of MD-Fe 300 
There are two different slopes at low field region and high field region as 
depicted in the above figure. The curve does not follow the linear dependence as 
predicted by the F-N model. If the above curve is repeatable with same slopes, that 
means there is another mechanism which contributes to the electron emission other 
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In the measurement, mica spacers with 20nm and a Cu anode was used. For 
the 2nd measurement, 44nm mica spacers were used together with an ITO/Glass 
anode. 
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Figure 4.24 J-E plots of the measurement of MD-Fe 300 
The 2nd measurement also showed an excellent field emission. Compared with 
the first measurement, the tum-on field was slightly retarded. To further investigate 
this sample, a measurement was taken with 42 nm mica spacers. 
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Figure 4.25 J-E plots of the measurement of MD-Fe 300 
As shown in the above figure, the excellent field emission performance is lost. 
This implies that the field emission measurement will affect the sample's properties 
causing the lost of the excellent performance. 
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LD-Fe 
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Figure 4.26 The J-E plot of LD-Fe samples at various annealing temperatures 
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Figure 4.28 The F-A/"plot of LD-Fe samples at various annealing temperatures 
From the above figure, RTA can further improve the tum-on field of the low 
dose samples compared with the as-implanted one. 
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Figure 4.30 The J-E plot of MD-Fe samples at various annealing temperatures in log 
scale 
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Figure 4.31 The F-A^plot of MD-Fe samples at various annealing temperatures 
RTA at 300°C and 500°C can improve tum-on field of the MD-Fe set of samples. 
But this is not true for annealing at 400°C. 
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HD-Fe 
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Figure 4.32 The J-E plot of HD-Fe samples at various annealing temperatures 
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Figure 4.33 The J-E plot of HD-Fe samples at various annealing temperatures in log 
scale 
^ w 
Chapter 4 Field Emission properties of Fe-SiO。 。.蒸::.::‘ 
F-N plot - HD-Fe 
- 3 I I I I I I I I 
！: 
《 - o HD-Fe一300 ^ 、 & 
^ -8 - - HD-Fe一400 、 
o HD>-Fe一500 
-9 
10 20 30 40 50 60 70 80 90 100 
1000/E(Mm/V) 
Figure 4.34 The F-iVplot of HD-Fe samples at various annealing temperatures 
For the HD-Fe set, annealing at 300oC can lower the turn-on field to 12.6 V/|xm. 
But further increasing of the annealing temperature will not give better results. This 
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Sample code Tum-on field (V/|ifn) P (a.u.) Surface roughness (nm) 
Si 26.2 - 29.5 60.4 NA 
LD-Fe 24.8 -31.6 76.9 0,372 
LD_Fe_300 16.9-20.9 76.3 0.213 
LD 一Fe—400 12.6-20.0 100.6 0.579 
LI)—Fe 一500 15.6-22.5 61.4 0.147 
MD-Fe 16.9- 19.3 115.7 0.540 
MD_Fe_300Jst 0,17 25800 0.648 
MD—Fe 一300一2nd NA 964.5 0.648 
MD—Fe一300一 3rd 13.7-16.4 124.2 0.648 
MD_Fe_400 18.3 -23.4 91.6 1.374 
MD_Fe_500 13.4- 15.7 131.0 0.217 
HD-Fe 19.1 -22.5 108.5 2.894 
HD—Fe 一300 12.6- 13.9 92.5 2.556 
HD_Fe_400 14.1 - 16.3 93.0 3.566 
HD_Fe—500 23.1 -25.1 56.0 1.302 
Table 4.6 Field emission results of all the Fe implanted samples 
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Beta VS Annealing temperature 
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Figure 4.35 Beta VS annealing temperature 
Consider only the consistent results, it is found the MD-Fe set of samples shows 
a generally better field emission properties compared with the others. And for the 
LD-Fe as well as HD-Fe sets, a too high annealing temperature will lead to a poor 
field emission performance while the MD-Fe—500 shows the best result. 
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Beta VS Surface Roughness 
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Figure 4.36 Beta VS surface roughness 
Figure 4.31 shows the relationship between the field enhancement factor and the 
surface roughness. It clearly indicates that the beta value does not depend on the 
surface roughness and so there should be other factors controlling the field 
enhancement mechanism. 
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4.5 Step-like and jump-like features in the J-E plots 
Step-like and jump-like features were also found in the J-E plots of the Fe-Si02 
samples. 
J-E plot - HD-Fe J-E plot - HD-Fe 
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Figure 4.37 Step-like jump-like features found in HD-Fe 
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Figure 4.38 Step-like jump-like features found in annealed HD-Fe 
These features still appear after annealing. Together with the disappearance of 
the excellent field emission performance of MD-Fe_300, it is suspected that the field 
emission properties might be modified by the local self- annealing or other effects 
during the field emission measurement. 
Another speculation for the step-like features is the coulomb blockade [55]. 
Coulomb blockade is the increase in resistance of a tunnel junction due to a single 
electron charge up. In a nano-composite thin film, each nano-cluster acts as a small 
tunnel junction with a very small capacitance. Microscopically, the current flow is a 
series of events of an electron passing through those small tunnel junctions. If the 
capacitance of the tunnel junction is small enough, the voltage builds up at the 
junction will be significant even only it is charged by one single electron. This 
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buildup voltage will prevent another electron from tunneling and leads to an increase 
in resistance. The flowing current is suppressed because the resistance of the device 
is not constant and results in step-like features present in the J-E characteristics. 
Since the capacitance of the junction has to be very small, the temperature 
required for the observation of the coulomb blockade has to be low enough such that 
the charging energy at the junction is larger than the thermal energy. According to ref. 
[55], the step-like features found in the J-E characteristics are poorly observable in 
room temperature and they are not regular due to the instability of the emission 
process and burning out of the emitting material. This matches with the 
local-self-annealing and the formation of new conducting paths during the field 
emission measurement. 
^ w 
Chapter 4 Field Emission properties of Fe-SiCb 、..履二 
4.6 Field Emission Images 
The following images show the discharge of electrons during the field emission. 
The sample was the MD-Fe_400. 
M H H B H ^ I 
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Figure 4.39 Field emission images of MD-Fe 400 
As shown in the above images, it is found that the emission sites were localized 
and not coherent over the sample surface. This indicates that there are changes on the 
emission sites during the field emission measurements. These changes are the 
evidences to support the local self-annealing and the formation of new conducting 
paths which were proposed in chapter 3. 
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4.7 Chapter summary 
In this chapter, the field emission properties of the Fe-SiOz samples were 
studied. The RTA treatment modified the field emission properties of the. From the 
C-AFM images, it indicated that the preparation of the metal dielectric 
nano-composite thin films in this project did not posses any observable difference in 
electrical inhomogeneity among the MD-Fe samples. In fact, all the samples were 
quite "resistive" to as shown in the CAFM images. The reason was clearly shown 
from the TEM micrographs. It is because the Fe clusters were embedded under the 
sample surface. Moreover, there existed a transition layer between the 
nano-composite thin film and the Si substrate this implied that the surface of the 
sample was not well connected to the Si substrate and the electrons need to tunnel 
through this layer before emitted from the sample surface. 
Besides, the field emission images showed that the emission sites were localized 
and not coherent over the sample surface. This implied that the sample was being 
modified during the field emission measurement. The possible reasons were the local 
self-annealing and the formation of new conducting paths caused by the emission 
current during the measurement. And these can also account for the step-like and 
jump-like features found in the J-E plots. 
For the field emission properties, the measurement of MD-Fe—300 showed 
an ultra low tum-on field which was about 0.17 V/^im and an extreme large field 
enhancement factor equaled to 25800. But these excellent properties were lost 
gradually as the sample underwent more measurements. 
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The above results also showed that rapid thermal annealing can be a 
modification on the metal dielectric nano-composite materials in order to enhance the 
field emission performance. But the implantation dose, the annealing temperature 
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Conclusion 
In this project, the metal dielectric nano-composite thin films were prepared by 
MEVVA ion implantation and the samples were then treated by RTA. An ultra low 
tum-on field which was 0.17 V/jiim and an extreme large field enhancement which 
equaled 25800 were obtained in one of the annealed samples. Compared with the ion 
beam synthesized SiC samples [24]，the tum-on field of the samples with doses 
equaled to 0 . 7 5 x l 0 ^ W ^ IxlO^W^and were 28, 12 and 15 
respectively. These values were close to the typical values obtained for the 
metal-dielectric nano-composite thin films prepared in this project with much less 
implantation dosage. Furthermore, the field emission properties can be improved by 
reducing the thickness of the transition layer or even remove the transition layer. 
Step-like and jump-like features were found in the J-E plots and this indicated 
that there were changes occurred in the samples during the field emission 
measurement. 
Refer to the AFM images, RTA had a strong influence on the surface roughness 
of the samples. 
From the CAFM images, a few of the conducting grains can be matched to the 
protrusions found on the corresponding AFM images. But in general, all the samples 
including the as-implanted and the annealed samples were all resistive to the CAFM. 
This is because the Fe clusters were embedded under the sample surface. 
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From the TEM micrographs, it was clearly shown that there were nano-size Fe 
metal clusters and there existed a transition layer between the sample surface and the 
Si substrate. These metal atoms moved towards the sample surface and the transition 
layer was broadened as the annealing temperature increased. This effect was more 
obvious at the high dose samples due to the larger nominal dose and longer 
implantation time. The formation of the transition layer and its thickness will 
definitely affect the field emission properties of the samples. 
The field emission projection images showed that there were tiny emissions 
sites which were not sustainable to the field emission measurement. In addition, 
these emission sites varied in position as the measurement proceed. Two models 
were proposed and they were the local self-annealing and the formation of new 
conducting paths due to the field emission current. 
To conclude, the implantation dose, the implantation energy and the annealing 
conditions are very important to the field emission performance of the 
metal-dielectric nano-composite thin film and should be optimized. By fine tuning 
and controlling these factors, an ultra low and extreme large field enhancement could 
be achieved for ultra fast vacuum microelectronic devices and display applications. 
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Future Plan 
Several modifications can be made in order to improve the field emission 
performance of the metal-dielectric nano-composite thin film. First of all, the 
extraction voltage for the metal ion implantation should be increased to guarantee the 
implanted atoms can penetrate the dielectric layer. Secondly, the Si02 dielectric layer 
can be replaced by other materials with smaller band gap such that the proximity 
field enhancement can be applied. Possible candidate is ZnO which has a band gap 
equaled to 3.37eV [62]. Boron nitride is another promising material as it possesses 
negative electron affinity [63]. Other materials such as GaN [64], Ti02 [65J and 
diamond like carbon film [66] are all versatile dielectric materials. Finally, since both 
Fe and Co are magnetic materials, the application of a magnetic field during the field 
emission, which may lead to the emission of spin-polarized electrons, would be an 
interesting topic for further study. 
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A. Derivat ion of the F -N equation 
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Figure A. 1 A one-dimensional potential barrier 
According to WKB approximation, the transmission coefficient T of a one 
dimensional potential barrier is [23], 
厂 7 1 
T = exp — � b 口m[V(x)-E]}2dx (1.1) 
L h* 
h* is the Dime's constant 
m is the free electron mass 
V(x) is the potential energy seen by the electrons 
E is the energy of the electrons 
Consider the energy band diagram in field emission (Figure 1)，the potential barrier 
is very closed to the em iss ion surface, therefore, Xn = 0 and Xb = X2. Moreover, eFoX2 
=W-E, so X2 = W-E/eFo. 
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The potential energy V(x) equals to [24], 
… � f O x < 0 
V(x)— (1.2) 
) [ W - e F o X x > 0 � 乂 
Fo is the applied electric field strength 
Substitute equation (1.2) into equation (1.1), 
_ 9 « 丄 _ 
T = exp -^p{2m[W-eFoX-E]}2dx 
f J 1 
lnT = - 2 [ j ^ J |^2(w-eF�x-E)2dx 
= h(W-eFoX-E)2d(W-eFoX-E) 
l^h*” eFo 
1 : W - E 
eFo 2 [ �� 
丄 互 
二 ] U ^ J eFo 
厂 1 
T 4f2m)2 (W-E)2 
T = exp Y 
3 l h ” eFo (1.3) 
• — 
This equation is known as Fowler Nordheim formula. 
On the other hand, one of the assumptions in the F-N Model is that electron 
tunneling occurs at a constant energy E and those electrons are traveling in the x 
direction. 
1 2 m*2vx2 Px 门 
E = —m*v = (1.4) 
2 2m* 2m* 
m* is the effective electron mass in metal 
m 
Appendix 〔：：探:。 
The carrier density n in the momentum space is (2/m*h^)dpxdpydp2； and the current 
density is J = nqv where q is the electron charge and v is the velocity of the electron. 
Hence the tunneling current density during field emission is: 
2e rrr 
J = " ^ I f f P x T ( p J d p x d p y d P z (1.5) 
T(px) is the transmission coefficient 
The integration is carried out for all electrons in the conduction band. This requires, 
Px '+Py '+Pz ' and P o ' = 2 m * E f 
Therefore, 
fdp d p ^ = 7 i ( P o ' - p / ) 
And the tunneling current density is, 
J 二 � Px(Po2-Px2)dPx (1.6) 
m * h 
Let 0 = po - Px , then T(po-0) decreases rapidly with increasing 0, therefore only 
contributions for small 0 are significant. So we could write in good approximation 
such that, 
Po«Px 
Po ' -Px '= (Po+Px) (Po-Px)« 2p�e (1.7) 
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2 m* m * 0 
So we have, 
( W . E ) L c d U A P ^ (1.8) 
^ ^ 2 m* 
Substitute equation (1.7) and (1.8) into equation (1.6) and (1.3) respectively, 
(1.7)+(1.6)， 
J = " ^ f � T ( P x ) P x P � 电 （1.9) 
m * h 
(1.8)+(1.3) 
, 、 丄 
T - e x p 2 m * (1.10) 
Combining equation (1.9) and (1.10) with e = po - Px and po ~ Px, 
“ “ 
難 Appendix '二:知’是 
1 ①寻 I 3 Po90^ 
. 4 e 7 i (Po 4f 2m V 2 m * — q ‘ 
J = 7 exp - - —77 PxPo_x 
m*h ' ^ 3 U * J eFo 
4671 p � 4 2 m y 2 m * „ 
= ^ exp - - Po 画 
m*h “ K eFo 
� 1 31 r i “ 
- � L "J 
Let a 4 与 f 4 then 
U * J m*eFo 
J = _ 4 4 粤 f 一 J>exp(-ae)de 
3U* J eFo ^ 
Since T(po-e) decreases rapidly with increasing 9, the upper limit p � o f the above 
integral could be extended to infinity and by the standard formula of definite integral, 
'"eexp(-ae)de = 4 - (1.11) 
a 
So we have, 
4Po'e7i � 丄營-
J = / 2 m ) Po^O exp " i ^ I ^ J eF� 
_ Ih^Jm* ' e V J 
「 1 厂 
T m* e V 4 r 
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This is known as the Fowler Nordheim equation describing the field emission 
behavior. 
However, one of the assumptions of the F-N model is that the emission surface is 
perfectly smooth but this is not the case in reality. The surface morphology is one of 
the factors which would affect the field emission performance. Therefore, a field 
enhancement factor (3 is introduced in the F-N equation such that Fq = PF, where Fo is 
the local field strength while F is the nominal field. Assuming the m* = m, the 
tunneling current density becomes, 
, e f F � � 4(2mY J ,111、 J = ~ - ~ — exp -— ~~:r (1.13) 
TrShO 3 U * J PFe 
And evaluate all the known values, 
j . ^ e x J - B f l (1.14) 
O PF 
A = 1.54x10.6 AeVV-2 
B = 6.83xl07(eV)-3"cm-i 
In order to have a clear picture on the field enhancement factor, equation (1.14) 
would be modified to, 
, ⑴ ， f A p 2 ) J 1 
In =ln ———B — • - (1.15) 




The left hand side term ln(J/F^) varies linearly with 1/F and by plotting this linear 
relationship, the field enhancement factor p could be obtained by calculating the 
slope of the graph which equals to, 
3 
02 
slope = -B—— 
P 
On the other hand, the energy of electrons inside the metal is not constant but follows 
the Fermi-Dirac distribution [25]. 
P(E) = N e ; H ^ ? f 〕 （1.16) 
Nc is the density of electron in conduction band 
Fi/2 is the Fermi-Dirac Integral 
ke is the Boltzman's constant 
T is the temperature 
The image charge potential would become, 
' 0 x < 0 
V(x)= E - t - O - e F o X - ^ ^ x > 0 (1. 口） 
167160 X 
Then equation (1.11) would change to, 
271 h* CpN V F J 丄 sin(kBTCpN7c) 
.keT _ 
~ “ wT 
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Where, 
a p N C F ) = … J 2"、2 bp^ff) = 
7 , e^F (1.19) 
CpN (F) = — V2m*0' t (y) f = " r i ^ 
肌 7 h * F 4<D^ 718o 
In the above equations, v(y) and t(y) are the Nordheim elliptic functions. 
Moreover, the term in the square bracket in equation (1.18) is close to unity at room 
temperature. So, 
J(F) = 1 ‘ 2二3� ,�2 expf -：^ >/2m*0\(y)去 
J(F) = a p ^ F V e x p f - M (1.20) 
V F y 
Since all the coefficients in equations (1.18) are either explicitly or implicitly related 
to the applied electric field, the linearity might lost in the F-N plot. One of the 
possible ways to recover the linearity is to linearize the v(y) in F and treat t(y) as a 
constant term. Another alternative way is assuming T = OK and making the 
approximation suggested by Spindt, Brodile and the co-workers [26], 
t(y)«i.i 
v(y) w V q - « 0.95 - y^ 
^ w 
丨:)芯C;「！ 
Appendix ,• ft：：, 
The approximation of the quadratic term v(y) is reasonable for the intermediate 
values of y. This method is useful and convenient in estimating the value of the 
(3/(1)3" from the slope of the F-N plot. If a quadratic v(y) is used, the exponential term 
vi could be included into the apN term while the bpN term could be redefined and 
exclude vi. This would give an identical linear F-N plot. 
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